Common ash is a temperate forest tree with a colonizing behaviour, a discontinuous spatial distribution and a peculiar and poorly known mating system. Microsatellite markers were used to study the genetic structure in natural populations of common ash. Twelve populations located in northeastern France were analysed at five loci. Levels of genetic variability within and among stands were estimated for the seedling and adult stages. As expected for a forest tree, our results reveal high levels of intrapopulation diversity and a low genetic differentiation between stands. However, a general and significant heterozygote deficiency was found, with a mean F IS of 0.163 for the seedlings and of 0.292 for the adult trees. The different explanations for such an excess homozygosity are discussed: a nonMendelian inheritance of alleles, the presence of null alleles, a Wahlund effect and assortative mating.
Introduction
Recently, microsatellite markers have been used to examine spatial patterns of genetic variability in temperate forest tree species. For example, focusing on one population, White & Powell (1997) for Swietenia humilis , Streiff et al . (1998) for Quercus petraea and Q. robur and Ueno et al . (2000) for Camellia japonica found a high level of within-population diversity. Focusing on several populations, Bodénès et al . (1997) found in the European oaks ( Q. petraea and Q. robur ) a high level of within population genetic diversity at the European scale. Moreover, they revealed a low genetic differentiation between populations. The same results were also shown for populations of Melaleuca alternifolia (Rossetto et al . 1999) , Pithecellobium elegans (Chase et al . 1996) and, in conifers, for Pinus sylvestris (Karhu et al . 1996) . As suggested by these studies, high intrapopulation variation and low genetic differentiation seem to be the general pattern for tree species.
Common ash ( Fraxinus excelsior L., Oleaceae) is a forest tree that is widespread in France, except in the Mediterranean region and in Corsica (Franc & Ruchaud 1996) . It is a colonizing species and is often found with a spatial discontinuous distribution in mixtures with other tree species, contrary to tree species that form continuous pure stands (Franc & Ruchaud 1996) . Nevertheless it can also be encountered in pure stands over small areas when ecological conditions become very favourable. Common ash pollen and fruits, which are samaras, are wind-dispersed. Sexual types vary across a continuum from pure male individuals to pure female individuals, with all kinds of hermaphrodites in between (Wardle 1961; Picard 1982; Binggeli & Power 1999; Morand et al. , personal observation) .
All the biological features of common ash mentioned above (colonizing species, spatial distribution, mating system) make it a model of great interest for population genetics as it differs from the other tree species widely studied up until now. Moreover, although common ash is widespread in France, genetic variability in this species has not yet been investigated.
In this study, we used five polymorphic microsatellite loci Lefort et al . 1999 ) to assess the structure of genetic variability of common ash on a large geographical scale. The 12 studied stands revealed a high level of intrapopulation diversity and a low genetic differentiation between populations, as is often shown in forest tree species. Nevertheless, a significant excess homozygosity was found for both seed and adult stages and explanations for this are discussed.
Material and methods

Population samples
Twelve natural populations of Fraxinus excelsior were sampled by the French National Institute of Agronomic Research (I.N.R.A.) with the aim of starting an improvement programme in this species. These populations are located in northeastern France (Fig. 1) . In these mixed stands, common ash is the dominant species and represents on average 50% of the total number of individual trees, with important variations between stands according to the ecological conditions. They ranged from nearly pure stands (Ath, Sma, Sps and Vsp), constituted by 50 -80% ash, to stands where ash was scattered (Hut, Mar and Sgo) with mixed stands in between (Fig. 1) . In three out of the 12 stands (Hut, Lar and Mwr), both adult trees and seeds, were genotyped (Fig. 1) . The remaining stands were investigated by analysis of seeds. In each of the 12 stands, 20 fruiting trees were chosen at a minimal distance of 20 m from one another. The sampling for the analysis of seeds comprised gathering samaras from each mother tree. Then, for each maternal tree, two randomly chosen seeds were subjected to a method of in vitro germination developed in our laboratory (Raquin et al. , 2002) , the first seed being destined for genetic analysis and the second one in case the first one died. The obtained seedlings were grown and used for genetic analysis. For the analysis of adult trees, in each of the three considered stands (Hut, Lar and Mwr), we sampled buds from the 20 maternal trees previously sampled for seeds. These three stands were chosen for their F IS values in the seed samples (see Results). Buds and leaves for the seedlings were frozen at -20 ° C before DNA extraction.
Molecular analysis
Total DNA was extracted from 100 mg of bud or leaf material using the DNeasy Plant Mini Kit (Qiagen). Among the 16 polymorphic microsatellites isolated by Brachet et al . (1999) and Lefort et al . (1999) , five loci were chosen for their high polymorphism and quality of banding pattern (Brachet & Frascaria-Lacoste, personal communication) : M2 -30, FEMSATL4, FEMSATL5, FEMSATL11 and FEMSATL19. Amplification reactions were carried out as described in Brachet et al . (1999) and Lefort et al . (1999) . Polymerase chain reaction (PCR) products were separated by electrophoresis in 6% sequencing polyacrylamide gels and visualized by silver staining according to Streiff & Lefort (1997) . In order to determine accurately the allelic sizes, we used as a reference on each acrylamide gel the sequence of the plasmid vector pGEM®*-3Zf(+) (Promega, Silver Sequence™ DNA Sequencing System) (Fig. 2) . In order to compare our method of allele scoring with another one, we analysed a subset of the DNA samples of this study ( n = 33) with the fluorescent technique for microsatellite detection used by Heuertz et al . (2001) .
Analysis of gene frequencies and linkage disequilibria
We calculated the observed number of alleles (A O ) and allele frequencies. Both expected and observed heterozygosities were estimated according to Nei (1987) and using the correction of Levene (1949) , with the software genepop (version 3.2a, Raymond & Rousset 1995) . genepop was also used to test for genotypic linkage disequilibrium among loci.
Hardy-Weinberg equilibrium and structure of genetic variability
We tested for the deviation of observed genotypes from Hardy-Weinberg equilibrium using genepop . The structure of genetic variability in common ash was estimated using Wright's F -statistics (Wright 1921; Wright 1969) . Fstatistics were calculated according to Weir and Cockerham's method (Weir & Cockerham 1984 ) and their significance was tested with the software fstat (version 2.9.1, Goudet 1995) .
Correlation between genetic distance and geographical distance
The relationship between genetic distance and geographical distance was examined with genepop by estimating the Spearman Rank correlation coefficient between F ST /(1 -F ST ) and the distance in km. Using this program, the significance of the correlation coefficient was tested with a Mantel test (50 000 permutations were performed).
Results
The comparison of the subset of DNA samples analysed both with fluorescent detection and silver staining allows us to conclude that both methods are equivalent in terms of On the left is the sequence of the plasmid vector pGEM®*-3Zf(+) (Promega) which was used to determine accurately the allelic sizes (given in base pairs). On the right, each lane (numbered from 1 to 15) shows the genotype at locus FEMSATL4 of one analysed individual. For example, the individual in lane 9 was scored as a heterozygote with its two alleles being 116 and 118 bp, respectively. The heterozygote individuals in lanes 7, 10 and 11 show a 'long-sized' allele of weaker intensity than the 'short-sized' alleles.
allele scoring. The two techniques seem to have a similar power for allele detection.
Inheritance of microsatellite alleles within test crosses
The segregation of alleles was investigated for the five loci used in this study FEMSATL4, FEMSATL5, FEMSATL11 and FEMSATL19) by analysis of controlpollinated full-sibs ( n = 68). None of the four following loci (M2 -30, FEMSATL4, FEMSATL11 and FEMSATL19) deviated significantly from expected Mendelian segregation proportions ( P > 0.05). As to FEMSATL5, for all pairs of crossed parents, the father was homozygote and some progenies (nearly 50%) appeared to be homozygous for one allele of the mother, then lacking the allele of the homozygous father. This may result either from the presence of a null allele at this locus or from punctual and random amplification flaws. If we take into account the existence of this null allele, the locus FEMSATL5 also shows a Mendelian inheritance of alleles ( P > 0.05).
Genetic diversity within the seed stage
The distributions of allele frequencies revealed that the five loci are highly polymorphic. Loci have between 36 (FEMSATL19) and 56 (M2 -30) alleles over the 12 populations (Table 1) . Across all five loci, the linkage disequilibrium test revealed the statistical independence of our loci. ns, nonsignificant; **P < 0.01; ***P < 0.001.
Hardy-Weinberg equilibrium was rejected for 10 populations ( P < 0.01), all showed a significant deficiency of heterozygotes (Table 1) . Only for two populations (Hut and Mar), the hypothesis of Hardy-Weinberg equilibrium could not be rejected ( P = 0.74 and P = 0.12, respectively). Hardy-Weinberg equilibrium was also rejected for all loci ( P < 0.001).
This heterozygote deficiency can also be pointed out with the values of F IS . The global F IS was estimated as 0.163 and differed significantly from zero ( P < 0.001) ( Table 2) . Across populations, F IS showed high, positive and significant values. It ranged from 0.104 (Sps, P = 0.0008) to 0.254 (Sgo, P = 0.0033) ( Table 2 ). The Hut and Mar populations showed a low and nonsignificant value of F IS ( F IS = 0.003, P = 0.49 and F IS = 0.034, P = 0.18, respectively). Across loci, the estimator of F IS varied from 0.127 (FEMSATL11) to 0.266 (FEMSATL5) and is highly significant for all six loci ( P < 0.001) ( Table 2) .
Across populations, expected and observed heterozygosities were high, indicating high variability within populations. The values ranged from 0.849 (Sgo) to 0.940 (Vsp), and from 0.645 (Sgo) to 0.860 (Hut), respectively ( Table 1) . The value of θ , the estimator of F ST (Weir & Cockerham 1984) , across all samples was low, showing low interpopulation differentiation. It was estimated as 0.043 ± 0.017 and differs significantly from zero ( P < 0.001). This greater variation within populations than among populations is consistent with the lack of correlation between the geographical distance and genetic differentiation (Spearman Rank correlation coefficient = 0.045; P = 0.24).
Genetic diversity within the adult stage
The three adult stands we analysed were chosen for their F IS values in the seed samples: Hut with a F IS close to zero (0.003, P > 0.05), Mwr with an average F IS value (0.147, P < 0.001) and Lar with a high F IS value (0.215, P < 0.001).
Across all five loci, the linkage disequilibrium test here also revealed the statistical independence of our loci. Hardy-Weinberg equilibrium was rejected for the three populations ( P < 0.001), which showed an excess homozygosity. It was also rejected for all loci ( P < 0.05), except for those from FEMSATL4 ( P = 0.46).
The global F IS was estimated as 0.292 and differed significantly from zero ( P < 0.001) ( Table 2) . F IS across populations also showed high, positive and significant values ( P < 0.01). F IS across loci varied from 0.077 (FEMSATL4) to 0.450 (M2 -30) and is highly significant for all five loci (P < 0.001) except for FEMSATL4 (P = 0.10) ( Table 2) . The adult stands showed a level of intrapopulation variability of the same order as the one found for the seed stands. The values for the observed and expected heterozygosities ranged from 0.500 (Mwr) and 0.741 (Lar) and from 0.896 (Mwr) and 0.900 (Hut) for H O and H E , respectively (Table 3 ).
Discussion
Our study revealed high levels of intrapopulation diversity and low genetic differentiation between common ash populations for both seed and adult stages. These results are very close to those reported by Heuertz et al. (2001) on 10 Bulgarian common ash populations analysed with five microsatellites. Indeed, they found a high level of total diversity, with an H T value of 0.793 (± 0.300) and a low overall differentiation among populations (F ST = 0.087, P < 0.001). Our results are also consistent with the peculiar distribution of genetic variability for nuclear genes in forest trees. Some usual explanations for this pattern refer to the biological features of forest trees: large population sizes, mating systems usually close to strict allogamy and pollen or seed dispersion over great distances (Hamrick et al. 1992; Le Corre & Kremer 1998) . More recently, Austerlitz et al. (2000) have demonstrated that high levels of pollen flow associated with life cycle characteristics of trees (longevity and length of the juvenile phase) allow us to explain this observed structure of genetic diversity. Weir & Cockerham (1984) using the software fstat (Goudet 1995) . For both seeds and adult trees, F IS is reported per locus, per population and across all loci and populations with standard deviation. The significance of F IS is estimated using fstat. ns, nonsignificant; **P < 0.01; ***P < 0.001.
This study also showed excess homozygosity within our common ash populations at the level of both seeds and adults. Heuertz et al. (2001) also detected a significant heterozygote deficiency (mean F IS value of 0.014 ± 0.045, P < 0.001) in the Bulgarian populations, although the level was lower than that detected in the French stands. It would be interesting to confirm these results with studies in common ash populations from other regions of Europe. Except in species where selfing is known to happen, many forest trees show no significant departure from Hardy-Weinberg equilibrium (Hamrick et al. 1992 ; with allozymic markers). For the European oaks (Quercus petraea and Q. robur), Streiff et al. (1998) found for microsatellite markers fixation indices close to zero, with a global value of F IS being 0.07. For the same species and studying two populations, Degen et al. (1999) obtained the similar results, with mean F IS values around -0.02. Oaks differ from ash by their continuous spatial distribution and by their mating system (monoecious species, seed dispersal by animals). Further information on other forest tree species will help understand if different strategies in reproductive biology come to various genetic structures in tree species.
To know if this heterozygote deficiency remains constant over the life stages of the ash, we analysed the mother trees in three of our stands. In fact, many authors have shown for various forest trees the presence of a positive F IS at the seed stage that becomes null or negative at the adult stage (Farris & Mitton 1984; Yazdani et al. 1985; Plessas & Strauss 1986) . They put forward the existence of inbreeding depression that would eliminate between the two stages the inbred individuals, which have the highest homozygosity rate. We also found for the adults a significant excess homozygosity, which does not seem to be consistent with a process of inbreeding depression acting between the juvenile and mature phases.
It remains to us to explain the origin of this excess homozygosity. Many explanations can be put forward.
The heterozygote deficiency may be linked with the nature of the markers used. First, it cannot be explained by biased transmission of alleles as our controlled crosses showed that our microsatellite loci present a Mendelian inheritance of alleles. Secondly, the presence of null alleles (alleles that are never amplified because of nonmatching primer sequences) can be suspected for microsatellite loci, especially when using heterologous primers (Pemberton et al. 1995 ). Yet, the primers used in this study were specifically defined in common ash Lefort et al. 1999 to find evidence for null alleles when at least one of the parents is a homozygote at the focusing locus. If some progenies fail to yield an amplification product for the allele of the homozygote parent, showing the noninheritance of one parental allele, it means that the homozygote parent is in fact heterozygote and holds a null allele. In this way, our controlled crosses, which test for only a sampling of alleles present at each locus, suggest that four out of the five loci do not show null alleles. The locus FEMSATL5 remains ambiguous and needs further investigation to confirm the presence of a null allele assumed from the results of the controlled crosses. Nevertheless, as this experimental test is not sufficient for conclusions to be drawn from it, a short calculation can be made in order to quantify the presence of null alleles in our 12 seed stands. At a given locus, the frequency p 2 of the individuals that failed to amplify any fragment also represents the frequency of the homozygotes for the supposed null allele. Assuming then Hardy-Weinberg equilibrium, the frequency of the null allele, if it exists, should be p. According to the number of nonamplifying individuals per locus in the analysis of the seed stands, the frequency of a null allele was estimated for each locus. It ranges from 0.25 (FEMSATL11) to 0.38 (FEMSATL19). Given these high null alleles frequencies compared to the frequencies we observed for the other alleles at each locus, it seems unlikely that the entire heterozygote deficiency in common ash French populations is due to null alleles.
Another, more putative, source of nondetection of microsatellite alleles is the short allele dominance, where, in heterozygote individuals that present a short and a long allele, only the short allele is detected and scored (Wattier et al. 1998) . In the common ash microsatellites, looking at Fig. 2 , it appears that for FEMSATL4 some heterozygote individuals (lanes 7, 10 and 11) show a 'long-sized' allele of weaker band intensity than is the 'short-sized' allele. These types of microsatellite profiles can also be found for some of the other loci used in this study. We can then assume that for some individuals these long alleles may be totally suppressed during PCR and thus not scored. To see if this phenomenon might happen for our microsatellite loci, we achieved a little test on a few samples. At a given locus (M2 -30, FEMSATL4, FEMSATL5, FEMSATL11 and FEMSATL19 were tested), two types of individuals were chosen: some heterozygotes for two short alleles and some heterozygotes for two long alleles. Each combination 'short allele heterozygote -long allele heterozygote' was amplified in the same PCR reaction tube and analysed on a 6% polyacrylamide gel. In the sample tested, we just observed a small decrease in band intensity for the alleles of the 'long' heterozygotes compared with the alleles of the 'short' heterozygotes. However, these long alleles were still scorable and were most often identified as a 'real' allele. Sometimes, they were identified as a 'suspected' allele. In this later case, the sample was reamplified and regenotyped in order to check the presence of the long allele. So, even if this test is only a preliminary work, it suggests that this short allele dominance phenomenon does not happen clearly in our case.
Finally, the presence of null alleles cannot be completely rejected and may act as part of a combination of factors. A definitive conclusion would require numerous experiments testing all combinations of alleles in controlled crosses. Another way to conclude on the presence of null alleles would be to design sets of new primers, located upstream or downstream from the original ones, to see if the individuals previously scored as homozygotes remain as such when using the new primers, as Gibbs et al. (1997) did. We carried out some preliminary experiments of this kind by designing new primers for the M2-30, FEMSATL4, FEMSATL5, FEMSATL11 loci. For these four loci, we did not detect any problem related to the presence of null alleles. The results of these tests do not then question our genotyping with the initial primers.
Secondly, we can assume the existence of a Wahlund effect, due to the presence of breeding subunits inside the studied population. This Wahlund effect may be either spatial or temporal. In our study, each population represented a large area with mother-trees being at least 20 m from one another. Thus, each population may consist of several spatial breeding subpopulations, generating a spatial Wahlund effect. A temporal Wahlund effect could instead be produced either by a difference in within-year flowering phenology, which we observed in common ash, or by variations in flowering expression of individuals between years. Each population may then represent two or more subunits of reproductive individuals flowering at different times the same year or over the years. Moreover, the F IS can be considered as an F ST value, which measures the differentiation between the population subunits that are at Hardy-Weinberg equilibrium. The low level of interpopulation differentiation that we observed (global F ST of 0.043 for seeds) is far less than the mean estimated F IS (F IS = 0.163 for seeds). As a consequence, it seems difficult to assume that, inside the stands, there are subunits that would create an F ST value about four times greater than the value found between the stands. Thus, the existence of a Walhund effect, either spatial or temporal, seems unlikely here (see also García de León et al. 1997) . Nevertheless, further information, especially with regard to the distribution of sexual phenotypes and the flowering phenology in common ash populations, will help to provide a definitive conclusion.
Finally, excess homozygosity within populations could be explained by mating among relatives, or partial selfing. To our knowledge, there is no information about inbreeding in common ash in the literature. We tested for selfing possibilities on the few trees located in our campus.
Branches were bagged before the emergence of stigmas and the bags were removed after the receptive stage of the female flowers. No fruits were obtained. This suggests that selfing does not occur in common ash under controlled conditions. However, it does not exclude the occurrence of a few selfing events in natural populations, as was found for the European oaks (Bacilieri et al. 1995; Streiff et al. 1999) .
As a conclusion, the present study revealed an original result for a temperate tree, which remains to be definitively explained: the existence of excess homozygosity in the studied common ash populations. No single hypothesis could explain this. Instead, two explanations out of the three discussed here may act jointly to produce the observed heterozygote deficiency: the presence of null alleles for some loci (in particular FEMSATL5) on the one part, and assortative mating on the other. Our current study on a large native population will allow us to test for spatial or temporal structuring. More generally, we are estimating gene flow by pollen and seeds and clarifying the mating system of this species. Such information will help us understand how common ash populations function.
